This study applied the Open Source Energy Modelling System (OSeMOSYS), an optimisation model for long term energy planning, which is integrated in Long-range Energy Alternatives Planning (LEAP) to develop optimal generation pathways and dispatch scheduling of selected generating technologies for power generation in Ghana.
Introduction
The expanding Ghanaian economy coupled with increased population has resulted in a rapid demand for energy. Inadequate expansion to meet the growing demand has resulted in a situation where the current generation capacity meets about only 65% of the demand as at March 2014 (Energy Commission Ghana, 2015) . The installed electrical power generation capacity of Ghana as at March 2014 was 2851 MW which is made up of 55.4% large Hydro generation, 43.77% Thermal power generation and 0.09% Photovoltaic (PV) generation (Energy Commission Ghana, 2015) . The 5 not fully represent the current situation. The study did not also fully assess the environmental impact of the future generation pathways and hence, did not consider the impact of introducing carbon tax on the future development of the generation system. Also, provisions were not made to identify the optimum cost model for generation expansion in Ghana. This is particularly important when investment decisions are to be made on NRET systems
The LEAP tool was applied in Awopone et al. (2017) to analyse the current generation expansion plan of Ghana and to discuss alternative approaches, pointing out the impact on the environment by different generation systems. The aim of this current study to examine future optimal development of the generation system of Ghana and provide a framework that could lead to discussion for the development of renewable energy technologies in Ghana. The findings in this paper will provide a useful platform for discussions with stakeholders and energy policy planners.
Methodology

LEAP/OSeMOSYS Optimization Model
The Long-range Energy Alternatives Planning (LEAP) system, version 2015.0.27.0 was adopted for this study. The LEAP model developed by Stockholm Environmental Institute (SEI) is a widely used energy modelling tool for energy policy analysis and emission mitigation studies (Heaps 2016) . The optimization function in LEAP is performed through integration with Open Source Energy Modelling System (OSeMOSYS) which depends on the GNU Linear Programming Kit (GLPK), for solving large linear programming problems LEAP interface with OSeMOSYS provides a transparent connection, which enables LEAP automatically write data files needed for OSeMOSYS. This enables
Where:
Each technology is able to accommodate an activity that uses or produces or both use and produce energy. The capacity of each technology must be greater than its activity for each load region. 
In the activity constraints, the activity of a technology is limited by its annual availability.
Description of Scenarios
The Base Case Optimum (BCO) scenario is the least cost generation system calculated by LEAP/OseMOSYS optimisation model without any policy interventions.
LEAP/OSeMOSYS developed the least cost model by deciding both the type and size of technologies as well as the dispatch scheduling. The maximum capacity addition was assumed based on energy commission recommendation to ensure stability of the grid, while the maximum availability of the NRET were assumed based on the confirmed available resources (Gyamfi, Modjinou and Djordjevic, 2015; Energy Commission, 2006) . The Carbon Tax (CT) scenario is similar in scope to the BCO. The only difference being the introduction of carbon tax. This scenario assumed an introduction of 20 $/kg CO 2 tax in 2020, increasing to 40 $/kg in 2030. This is to conform to the Bali Road Map which underscores the need for developing countries to also introduce mitigation actions after 2012 (Zhao, Hu and Cai, 2016) . The Energy Efficiency (EE) scenario considers strict implementation of energy efficiency strategies in all sectors of demand (Gboney, 2009) . The scenario therefore assumes the implementation of various strategies to improve energy efficiency resulting in 20% reduction in demand over the BCO scenario in 2020, improving further to 30% by 2030.
In 2010, Transmission and Distribution (T&D) losses accounted for about 23% of the total power generation in Ghana, a reduction from a peak of 29% in 2003.
However, between 1970 and 2000, these losses varied from 4% to 11% (World Bank 2014). The current high T&D losses are due to large non-technical losses, mainly due to theft and non-payment of bills (Energy Commission 2006) . The T&D scenario therefore assumed improvement in the billing system resulting in significant reduction in non-technical losses. This was assumed to be reducing at a rate of 2% per annum starting from 2015 to its lowest value of 7% in 2023.
The Comprehensive (COM) scenario combines constrains of the CT, EE, and T&D scenarios. This scenario therefore assumes a simultaneous implementation of all the policy directions. A variant of the comprehensive scenario (COM1) was developed to combine only the constraints of CT and EE scenarios. This was to enable a further assessment of the effect of carbon tax with lower demand growth.
Data for the LEAP Model
The population of Ghana in 2010 was 24.7 million people, which is projected to be increasing at a growth rate of 2.4% (Ghana Statistical Service 2013). The GDP growth rate of 8% was adopted for base case load projection from 2010 to 2020, increasing to 12% from 2020 to 2040 when the power supply is expected to improve. 
Results and Discussion
This section examines the results of the generation system of Ghana based on the input data and assumptions made in this study for the various scenarios from 2010 to 2040.
Technical Results of Baseline Scenarios
The total electricity demand of Ghana in 2014 was 14 GWh which is expected to increase to 19 GWh and 63 GWh in 2020 and 2040 respectively at the current average growth rate of 8% per annum (GRIDCO 2011) . This implies without any expansion in capacity, the current generation system will only be able to provide 20% of the demand in 2040. Thus significant expansion in capacity is predicted in the BCO scenario in order to meet this demand and the 18% reserve margin applied in this study. The generation outlook of the BCO scenario for selected years is presented in Figure 1 .
[ Figure 1 near here] Interestingly, it was observed that the NRET were introduced on their own merit. This clearly illustrates high potential for integration of these technologies into the generation mix of Ghana.
Figure 1 further shows that thermal generation in Ghana will continue to be dominated by natural gas fuelled systems. Even though the same operating characteristics were assumed for both crude oil and natural gas plants to reflect the cofiring nature of the thermal plants in the country, the model did not consider operating the plants on crude oil to be one of the least cost options. This is mainly due to the comparatively higher cost of crude oil. These results give credence to proposals by the Energy Commission for utility providers to fully operate the thermal plants on natural gas when available (Energy commission Ghana 2006).
The introduction of carbon tax has a direct impact on the development of renewable energy technologies. It is observed from Figure 2 that the total NRET generation increases to 23 TWh in the CT scenario which constitute 28% of the total generation in 2040 compared to 25 in the BCO scenario.
[ Figure 2 near here] This is because RET produces very little to zero GHG. Thus an introduction of carbon tax will affect mainly the cost of production of the thermal plants and thus make the RET more economically viable. This was evidenced with the earlier deployment of PV plants in the CT scenario.
It is widely accepted that improvement in transmission and distribution losses as well as demand side efficiency measures will lead to lower electricity demand. Figure 3 shows the installed capacity capable of meeting the generation requirement by scenario at the end of the study period.
[ Figure 3 near here].
Demand side efficiency strategies such as replacement of incandescent bulbs, refrigeration and air conditioning standards and labelling as well as industrial sector efficiency improvement measures at levels implemented in the EE scenario will result in 24% lower demand compared to the reference case (Figure 3) . Improvement in the billing system by metering of all government and other public buildings, implementation of smart metering system and other strategies to lower the current technical and non-technical losses in the transmission and distribution system of the country at levels proposed in the TD scenario will also lead to 14% reduction in installed capacity. However, the introduction of carbon tax in Ghana at levels proposed in the CT scenario will lead to slightly higher installed capacity. These findings are [ Figure 4 near here].
These results however show that fossil fuel generation will continue to form an integral part of the generation system of Ghana as the renewable energy technologies cannot cater for all the future demand. [ Figure 5 near here].
Technical results of scenarios with sensitivities
The analyses show the introduction of NRET on their own technical and economic merit despite their high investment cost. However, whereas NRET share with high fossil prices was 1% more, that of the system with low fossil prices was 8% less than BCO scenario. These results suggest that fossil fuel prices considerably affect the high integration of renewable energy system in the country. High fossil prices will make NRET more attractive to investors. The Government of Ghana currently subsidies fuel to continue to make electricity affordable. However, the sensitivity analyses show that phasing these subsidies will gradually make NRET economically attractive. There should however be gradual (Parajuli et al. 2015) and should be link to expansion in NRET.
The results of the sensitivity analysis with Low Investment (LC) of NRET and varied fuel prices are illustrated in Figure 6 . As expected, low investment cost of NRET has increased the share of these systems. Wind and PV systems were dispatched in 2015
and 2016 respectively, compared to 2020 and 2034 in the BCO scenario. The NRET share was higher with higher fuel prices (approximately higher than that of low fuel cost) as it was in the case of high investment cost [ Figure 6 near here].
These results all together show the high potential for integration of renewable energy system in larger capacities into the generation system of Ghana. The analyses suggest that NRET will be part of the generation system of Ghana under all cost sensitivities. It was observed that unfavourable high NRET investment cost as well as low fossil fuel cost did not prevent the introduction of NRET on their own merit.
Economic Results
The objective of the LEAP/OseMOSYS optimisation is to develop a least cost model of the generation system. Cost-benefits analysis technique was adopted for the economic evaluation of the various scenarios in this study. Cost-benefit analysis is an analytical tool which is used to determine the best possible approach by comparing the cost and benefits of alternatives. In this study, the cost of the system is expressed in terms of Net Present Value of cost of transformation (investment and operation and maintenance cost) as well as fuel cost over the period of the study discounted at 10% to the base year.
The results of the cost-benefit analysis of the alternative scenarios compared to BCO scenario is presented in Table 1 . The top part of the table shows the cost-benefits in value represents how much more each policy scenario costs compared to the base, while a negative number represent benefits.
[ Table 1 near here]
It is evident from Table 1 that the demand side energy efficiency as well as transmission and distribution constraints will result in lesser NPC compared to the BCO system. This is due to the lower energy demand with corresponding lower generation requirement.
On the contrary, the introduction of carbon tax will lead to a slight increment in cost of about 5%. The least cost system will involve a comprehensive implementation of all policy types considered this study. This means that the implementation of RET will not only lead to higher diversity in the generation sector with higher implementation of RET but will also lead to significant reduction of about 41% in cost within the study period.
Several iterations of the model with varied NRET investment cost (-30 to 10% of base case) and fuel cost (-10 to 30% of base case) were undertaken to determine how future changes in these parameters will affect the optimal configuration. Table 2 shows the economic results of the sensitivity analysis. The top part of the table shows the cumulative NPC in 2010 billion US dollars, while the bottom part shows the percentage change of the sensitivities compared to the baseline optimal scenarios.
[ Table 2 near here]
As anticipated, Low fuel price will lead to economic benefits in all scenarios.
Whereas the cumulative incremental cost of the BCO with high fuel prices was between 4% and 17% more than the baseline, that of the system with low fuel prices was 5% to 13% less than the baseline situation. These results show that the development of fossil prices in the future directly affect the profitability or otherwise of renewable energy technologies.
Interestingly, higher benefits were obtained in all scenarios with LF + HR sensitivity. This is because high NRET cost will lead to lower NRET contribution, thus increasing thermal generation share. The generation cost of thermal plants largely depends on the cost of fuel; a lower cost of fuel will thus lead to lower overall NPC.
Policies that will ensure future lower cost of fossil fuel prices as well as lower NRET investment cost will yield desired benefits with higher deployment of renewable energy technologies. This is evident with comparatively higher savings occurring in the comprehensive scenarios with lower fuel and NRET investment cost sensitivity.
The Government of Ghana currently subsidies fuel to continue to make electricity affordable. However, the sensitivity analyses show that phasing these subsidies will gradually make NRET economically attractive. These should however be gradual (Parajuli et al. 2015) and should be linked to expansion in NRET.
Environmental Analysis
The greenhouse gas emission (GHG) from the various scenarios is presented in Figure 7 .
[ Figure 7 near here].
The power system without any policy intervention (BCO) scenario results in about 3.13 million tonnes GHG emissions in 2015. This increases at an annual growth rate of 11.5% to about 18 million tonnes GHG at the end of the study period mainly due to the continuous expansion of thermal generation to meet the increasing demand. This is because of the lower demand in the COM scenario due to energy efficient strategies and improvement in transmission and distribution losses.
[ Table 3 near here]
A highly significant GHG emission reduction potential of about 66% is achieved in the COM scenario in 2040 compared to the baseline BCO scenario. This is because of the lower demand in the COM scenario due to energy efficient strategies and improvement in transmission and distribution losses. Table 3 further reveals that introduction of carbon tax at levels proposed in this study will not yield significant GHG emission savings compared to the other policies.
The cumulative GHG emission savings of the carbon tax scenario compared to BCO scenario was 6%, while that of T&D and EE scenarios resulted in about 27% and 43%
cumulative GHG savings respectively. Even though costing emissions will increase the operational cost of thermal generation, it does not automatically lead to adoption of renewable energy technologies. There is a tendency by utility providers to transfer this extra cost to consumers. The negative impact of the introduction of carbon tax can be addressed with the investment of tax revenue in the development of renewable technologies.
The cost effectiveness of GHG emission was analysed by calculating the cost of avoided CO 2 emission of the policy scenarios. Cost of CO 2 avoided is the cost of reducing CO 2 emission to the atmosphere expressed as $/tonne of CO 2 not emitted with respect to the base case scenario. The decision criterion is to identify the least cost alternative in reducing a tonne of CO 2 . The results show superior performance of the comprehensive scenario in achieving economically efficient CO 2 emission reduction. It is important to note that, while all the other policy scenarios resulted in benefits in terms of cost of CO 2 avoided, the CT scenario resulted in abatement cost of 54 US$/tonne of CO 2. This is because of the higher cost in expanding the generation system to meet the demand.
The analyses suggest that significant economic and environmental benefits are achieved with the implementation of energy efficiency and improvements in transmission and distribution losses in Ghana. This means that if the Government of Ghana intends to achieve reduction in demand and greenhouse emission, strategies to improve demand side efficiency should be pursued. Demand side management strategies such as energy standards for refrigeration and air conditioners, and phasing out of incandescent bulbs have been implemented in countries such as UK, India, china, USA and Canada with high degree of success (Emodi et. al. 2016 ).
The country should also implement policies to promote the reduction of both technical and non-technical T&D losses. Conventional approaches for improving technical losses with higher benefit/cost that can be pursued to reduce these losses are discussed in Aguero (2012). In 2014, 70% of the transmission and distribution losses in Ghana was due to non-technical losses mainly through electrical thefts, meter tempering and non-payment of bills. Installation of heavy duty locking rings and the use of pre-pay meters can help improve non-technical losses.
Ghana being a signatory to the United Nations Framework Convention on Climate Change (UNFCCC) has an obligation to report periodically on measures taken to reduce greenhouse gases. The analyses of the possible least cost generation pathways
show that further reduction in GHG is possible in Ghana with the implementation of additional policies. These measures when fully implemented will lead to sustainable low-carbon development of the generation system
Conclusions
In this study, alternative least cost generation options for the generation system of Ghana were examined. The analyses show that suitable policies for clean power generation have an important role in CO 2 mitigation in Ghana. A comprehensive adoption of policies aimed at reducing transmission and distribution losses and improving energy efficiency in Ghana will lead to a significant reduction in demand, resulting in over 70% renewable energy generation contribution by the year 2040.
The introduction of these policies will promote diversification of the generation mix with higher penetration of renewable energy technologies. This will reduce the overall fossil fuel generation in Ghana which is characterised by price shocks and unreliable feedstock fuel supply.
The results show that significant greenhouse emissions savings is achieved in the alternative scenarios resulting in net benefits in cost of avoided emissions compared to the base case. The study therefore recommends the strict implementation of strategies to improve demand side efficiency and transmission and distribution losses.
Further studies need to be carried out to assess the impact of high penetration of renewable energy generation technologies on the stability of the grid. Studies are also needed to assess how the grid can accommodate the future generation expansion. 
